Azospirillum iipoferurn strain D-2 produces the phenolate siderophores 2,3-dihydroxybenzoic acid, 3,5-dihydroxybenzoic acid and salicylic acid under iron-starved conditions. Lysine and leucine were identified as the amino acid conjugates of the siderophores. The concentration of siderophores in the culture supernatant was maximal after 20 h growth. Iron-binding proteins were present in membranes of cultures grown under iron starvation. Iron uptake was enhanced in the presence of each of the siderophores.
were incubated on a rotary shaker (180r.p.m.) for 12-14 h at 28 "C. For N,-fixing (i.e. microaerophilic) conditions, cultures were grown in 10 ml vials containing 5 ml nitrogen-free malate medium at 28 "C without shaking.
Isolation and estimation of siderophores. Catechol-type phenolates were measured in an ethyl acetate extract of the acid-hydrolysed culture supernatant as described by Modi et al. (1985) . The siderophores in the culture supernatant of iron-starved Azospiriffum lipoferum D-2 were estimated colorimetrically with the ferric chloride/ferricyanide reagent of Hathway (Reeves et af., 1983), using 2,3-DHBA and salicylic acid as standards.
Characterization of the siderophores. A sample of approximately 1 mg of the siderophores was hydrolysed with 6 M-HCl. After neutralization with 1 M-NaOH, amino acids were separated and identified by paper chromatography (solvent system butanol/acetic acid/water, 4 : 1 : 5 , by vol.), and by TLC (solvent system phenol/water, 10 :4, v/v). The chromatograms were developed with ninhydrin reagent (0.2%, w/v in acetone) (Plummer, 1979) .
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Abbreviations: 2,3-DHBA, 2,3-dihydroxybenzoic acid; 3,5-DHBA, 3,5-dihydroxybenzoic acid. concentrations of salicylic acid and 2,3-DHBA, respectively, in the culture supernatant. The culture was grown aerobically with shaking in 200 ml liquid medium.
2,3-DHBA, 3,s-DHBA and salicylic acid were identified by TLC on silica gel G, with benzene/toluene/acetic acid (2 : 2 : 1, by vol.) as the solvent system. The plates were sprayed with Hathway's reagent as described by Reeves et al. (1983) . The bands corresponding to authentic 2,3-DHBA, 3,5-DHBA and salicylic acid were scraped out and isolated by preparative TLC using the same solvent system. The identities of the compounds were confirmed by UV and IR spectroscopic analysis.
Bioassays were done by the method of Modi et al. (1985) . Plates of the standard medium plus EDTA (1 mg ml-I) and agar (2%, w/v) were inoculated with lo5 cells of indicator Azospirillum lipoferum D-2.2,3-DHBA, 3,5-DHBA, and salicylic acid (1 pmol each) were placed on sterile neutral discs (Sensi-discs, Span Diagnostics) on the surface of the agar and were used as positive controls. To assay the siderophores isolated from Azospirillum lipoferum, E. coli and cowpea Rhizobium, 1 pg samples were placed on the discs. Plates were examined after 24-36 h for zones of growth around the discs.
Iron uptokeassay. The organism was grown in the presence of iron and the authentic phenolates 2,3-DHBA, 3,5-DHBA and salicylic acid as well as with the extracted siderophores, all at 5 pg ml-l. At different times during growth, samples were withdrawn and centrifuged to remove the cells. The residual iron in the culture supernatant was assayed by the method described by Bray (1968) .
Analysis of iron-bindingproteins. The membrane fraction was isolated from cells as described by Kaback (1971) , and loaded on to 7% (w/v) polyacrylamide vertical slab gels. Electrophoresis was carried out at a current of 3 mA per slot, using Tris/glycine buffer, pH 8.8. To locate the iron-binding proteins, gels were incubated for 1 h in acetate buffer (10 mM, pH 5 5 ) , hydroquinone (0.25 M) and ferric chloride (5 mM). The gels were then transferred to 2,2'-dipyridyl (65 mM) for the detection of bound iron.
RESULTS A N D DISCUSSION
The development of a wine colour and the absence of an orange colour upon addition of 1 mMFeCl, to the iron-depleted medium suggested the presence of a catechol type of siderophore. The absence of hydroxamates was confirmed by the specific assay of Gibson & Magrath (1969) . Treatment with ferric chloride/ferricyanide reagent revealed the presence of both salicylic acid and 2,3-DHBA, detected by their absorbance at 560 nm and 700 nm, respectively.
The maximum amount of 2,3-DHBA was found at 20 h and that of salicylic acid at 22 h of growth. Siderophore production occurred in parallel with growth (Fig. 1) . The amounts of 2,3-DHBA and salicylic acid formed after growth under different conditions are shown in Table 1 . Production of both siderophores was higher at 37 "C than at 28 "C, under the same experimental conditions. Microaerophilic cultures produced more 2,3-DHBA and salicylic acid at 28 "C than did aerobic static or shaken cultures at the same temperature. The yield was comparable to that observed in cowpea Rhizobiurn RA-1, which produces 2,3-DHBA (Modi et af., 1985) . In the bioassay for catechol-type siderophores from Azospirillum lipoferum D-2, a 17 mm zone of growth was noted ( Table 2) . This value was comparable to those seen for siderophores from cowpea Rhizobium RA-1 and E. coli as well as to those obtained with authentic 2,3-DHBA, 3 3 -DHBA or salicylic acid.
Ethyl acetate extracts of culture supernatant contained 2,3-DHBA, 3,5-DHBA and salicylic acid, as shown by TLC. These compounds were purified by preparative TLC and exhibited UV and IR spectra identical to those of the authentic compounds (Figs 2 and 3) . These results indicated that 2,3-DHBA, 3,5-DHBA and salicylic acid may be the siderophores produced during the growth of Azospirillum fipoferum D-2 under iron starvation.
Phenolate-type siderophores are generally conjugates of amino acids and 2,3-DHBA (0-Brien & Gibson, 1970) . The role of amino acids in the siderophore complex is unclear, although Knosp et af. (1984) have reported that unconjugated DHBA does not promote significant iron uptake while the conjugated azotobactin and azotochelin could promote iron uptake in Azotobacter uinefundii. We detected the presence of two amino acids in conjugation with the siderophores, after acid hydrolysis. These were identified, by TLC and paper chromatography, Following transfer to fresh medium, cells of Azospirillum lipoferum D-2 accumulated iron at a low rate (Fig. 4) . Iron uptake was stimulated slightly by the addition of 2,3-DHBA and markedly by salicylate; the most rapid uptake occurred in the presence of 3,5-DHBA (Fig. 4) or the extracted Azospirillum siderophores (Fig. 4) . This establishes a definite correlation between siderophore production and iron uptake in this organism.
The first step in iron transport involves recognition of the ferri-siderophores by specific receptor proteins (Neilands, 1982) , which appear to recognize the unique geometry around the Fe(II1) centre (Heildinger et al., 1983) . When the membrane proteins of Azospirillum lipoferum D-2 were separated by PAGE and stained as described in Methods, distinct bands, indicating the chelation of receptor-bound iron, were observed in iron-starved samples but not with ironsupplemented samples (Fig. 5) . These results indicate that iron-binding proteins, which may presumably play a role in chelating the siderophore-bound iron, are produced under iron-starved conditions. This work was supported by a Senior Research Fellowship to B.S. from the Indian Council of Agricultural
